This study was intended to build 3D FEM geometry models of actual 'Fuji' apples by digitizing their surfaces, and to determine elastic modulus by FEM simulation based on the F-D curves of radial compression test from a point on apple equator. Also, the general protocol of ASAE S368.4 for predicting the apparent modulus of elasticity and the maximum contact stress for convex-shape food materials was evaluated for its appropriateness. The model apple for FEM analysis was composed of approximately 35,000 geometry elements that closely resemble the surface of an actual apple. Through FEM simulation, the average elastic modulus of 7.732 MPa was obtained at the loading condition of 0.5 BP, which was 8.3% smaller than the average apparent modulus of elasticity predicted by the ASAE standard. The maximum Von Mises stress at the points of initial contact with the compression target plates evaluated by FEM simulation was about 37% smaller than the maximum contact stress determined by the ASAE standard, and a poor correlation was found between the results of the two methods. These results could be explained by that a whole apple, in general, has an anisotropic structure with many complex and small curvatures, has fl esh texture bonded biologically, and is covered with more elastic membrane shell which contributes to prevent dehydration during compression.
Introduction
Physical properties have been investigated to understand the mechanical behavior of many agricultural and food products. Mechanical properties of apple fruit, such as apparent modulus of elasticity and contact stress, can be determined by uniaxial compression test using either a cored specimen of uniform cross section or the whole fruit. In case of the tests using cored specimens, the simple geometry makes the analysis straight forward, while the problems related to the mass imbalance due to the loss of fruit juice and the deterioration of fl esh integrity often prevent researchers from collecting reliable data (Kim et al., 2008) . Test with whole, intact fruit is an alternative to eliminate these problems (Kim et al., 1992; Park, 1993) . However, the complex and anisotropic geometry of fruits makes the analysis very difficult (Anand and Scanlon, 2002) . A method has been developed to access the mechanical properties of food materials of convex shape by the American Society of Agricultural Engineers (ASAE standard S368.4), and has been adapted by many researchers to determine the mechanical properties of apples. The method is based on Hertz equations for contact stresses assuming that deformations are small and the material being compressed is elastic, and provides empirical equations to calculate the apparent modulus of elasticity and maximum contact stress (ASAE, 2001) . As intended to be used to quantitatively determine the differences caused by factors such as variety, maturity, storage technique, etc, the standard method utilizes only a few geometrical information, i.e., the maximum and minimum radii of curvature of the convex surface of the sample at the contact points with a compression tool (ASAE, 2001) .
Numerical methods that can utilize actual three-dimensional (3D) geometry of whole fruit to determine physical properties or to analyze mechanical behavior include finite element method (FEM), finite difference method (FDM), boundary element method (BEM), and meshless method (MM) . Among these, FEM shows increasing usage in analyzing food materials because it decomposes continuous medium into elements of simple and finite geometry, and then applies some approximate mathematical methods to describe the physical behavior of whole body (Kim et al., 2008) . The FEM has been utilized to assess the firmness of apples (Chen and De Baerdemaeker, 1993; Jung, 2003) and melons (Chen et al., 1996) by analyzing vibration modes, and to analyze the stress distribution within the internal texture of grape via compression simulation (Rong et al., 2004) . However, we think that the merit of FEM analysis has not been fully demonstrated in these researches since the models were based on relatively simple geometry.
The objectives of this study are to determine modulus of elasticity and to analyze stress distribution of whole apples under the condition of parallel plate compression by using FEM simulation based on 3D geometry of actual apples, and to compare the results of FEM analysis with those obtained by applying the ASAE standard.
Materials and Methods
Procedure of constructing model apples The apples ('Fuji') utilized in this research were harvested in September 2005 and were purchased at a commercial market in Korea with the information on storage conditions (0 ± 0.5℃, 90% RH) on March 20, 2006. Prior to experiment, they were kept at room temperature (23℃ at 75% RH) for 24 hours. The average moisture contents of the apples were 85.4% wb.
From a box of twelve, five apples were selected after rejecting damaged and complex-shape ones. These five apples were utilized for uniaxial compression tests with a parallel plate compression tool. Before conducting compression tests, the geometry of each apple was measured by calipers with three replications each for the maximum radial width, stemcalyx height, and the proposed distance between contact points with parallel loading and support plates. The volume and density of each apple were determined from the measurements of mass and buoyancy force. A model apple was created for each of the five actual apples by utilizing a 3D digitizer (MicroScribe 3DX, Immersion Co., San Jose, CA, USA) and a 3D CAD software (Rhinoceros, Ver.2.0, Robert McNeel and Association, Seattle, WA, USA). The procedure of acquiring 3D model apple was as follows: 1. The surface of an apple was partitioned by five parallels and eight longitudes of equal distance, and marked with a line tape of 1 mm width and 0.1 mm thickness. Along each parallels and longitudes, the surface points were digitized at intervals of approximately 3 mm (Fig. 1a) . 2. Each parallels and longitudes were connected to form closed curves by interpolating adjacent points. Also, each curve was smoothed by applying curve-rebuilding process twice to eliminate digitization error (Fig. 1b) . 3. The surface of each model apple was further partitioned by adding nine more loops between each pairs of adjacent parallels and longitudes. The curve network was smoothed again by applying curve-rebuilding process three times. A cylindrical solid geometry of 30 mm diameter and 30 mm height was inserted into the model to adjust the shape and size of elements during FEM simulation (Fig. 1c) . 4. The 3D model created by the Rhinoceros software had a geometry too complicated to be analyzed by a personal computer (3.6 GHz CPU, 3.1 GB RAM). A feasible model was obtained by converting the ACIS code of Rhinoceros into IGES code of AUTO CAD 2000. This reduced the memory requirement of the FEM geometry to a manageable size of 2 MB from the initial size of 25 MB (Fig. 1d) .
Uniaxial compression test Compression tests were car- 
ried out on a universal testing machine (Stable Microsystems, Surry, England) equipped with a parallel loading plate made of aluminum with a diameter of 60 mm. A crosshead speed as low as 0.1 mm/s was used to make the bioyield points more distinctive (ASAE, 2001) . Each apple was positioned on the compression device such that the stem-calyx axis lay horizontally, and load was applied vertically from apple equator towards the core until the texture failed. Five force-deformation (F-D) curves obtained from the compression tests were analyzed to determine the first bioyield point (BP) and point of inflection (PI). Force, deformation, and work at the points of 0.15 BP, 0.5 BP, BP, and PI were analyzed. To eliminate the effects of initial trigger force of 0.49 N and other systematic errors, the F-D curves were fitted with third-order polynomials in the deformation range from 0.15 BP to BP (Fig. 2) . The PI was determined from the solution of the equation formed by setting the second derivative of the polynomial to zero. Work was calculated by integrating the polynomial with respect to deformation.
Elastic analysis based on the ASAE standard To compare the results of FEM analysis with the values obtained by conventional method of applying the ASAE standard, the following two equations were utilized to determine apparent modulus of elasticity and the maximum normal contact stress.
where E a , F R , and D are apparent modulus of elasticity in MPa, reaction force in N, and deformation in mm, respectively; ν is Poisson's ratio; R U_min and R U_max are the minimum and maximum radii of convex surface of the sample at the point of contact with the upper plate, respectively; R L_min and R L_max are the minimum and maximum radii of convex surface of the sample at the point of contact with the lower plate, respectively; K U and K L are constants determined by curvatures of convex surfaces at the points of contact with the upper and lower plates, respectively; S max is the maximum normal contact stress; C 1 and C 2 are constants related to the contact area; and R min and R max are the minimum and maximum radii of curvature of the sample at the point of contact with the compression device, respectively. Eq. (2) applies to upper and lower contact areas separately. A radius of curvature meter was utilized to determine the minimum and maximum radii of convex shape of each apple at the points of contact with the compression device. The chord length of the curvature meter was fixed at 38.2 mm, and Eq. (3) was utilized to calculate the radius of curvature from the measured value of saggita of chord (ASAE, 2001) .
where R is radius of curvature, CL is chord length, and δ is sagitta of chord. The values of C 1 , C 2 , K U , and K L were determined from Table 1 FEM simulation The volumes of model apples constructed from 3D digitization data turned out to be smaller than those of actual apples. To regain the original volume, the geometry of each model apple was scaled up by a factor of Eq. (5) with respect to x, y, and z axes.
A model apple consisted of a total of 30,000 to 40,000 elements: tetrahedral elements for skin and flesh, and octahedral elements for core. Each element node had three degrees of freedom to facilitate translational deformations with respect to the three axes. It was assumed that the skin and flesh of a model apple shared identical and homogeneous textural properties. To simulate the condition of actual compression test, contact pairs were formulated using rigid target elements for the upper and lower plates and contact elements for the model apple (Fig. 3) . Augmented Lagrangian function was utilized as a contact condition, and Gauss points were utilized to detect the locations of contact points (Ansys, 2004) . The horizontal displacement of the top and bottom nodes (i.e., the initial contact points with the compression device) was not allowed to prevent the translational motion of the model apple in the course of load application due to its anisotropic geometry. The FEM simulation was based on static-displacement control including gravity force, and nonlinear geometry was utilized to analyze mechanical behavior. The cosθ in Eq. (4) was evaluated by searching for maximum and minimum radii at the contact points using the sagitta of chord determined for the actual apples. To determine the modulus of elasticity of each model apple by FEM simulation, its value was continuously adjusted until the difference between the reaction forces obtained by the actual compression test and FEM simulation fell below 1% at a loading condition of 0.5 BP. A fixed value of 0.333 was utilized for the Poisson's ratio of model apple (Kim et al., 2008) . Also, stress distribution within each model apple was analyzed at the same loading condition of 0.5 BP by using Von Mises stress of Eq.(6).
The Von Mises theory (Walter, 1994) , also called Maxwell-Huber-Hencky-Von Mises theory, stateses that failure takes place when the principal stress of σ 1 , σ 2 , σ 3 are such that 2σ
where σ eqv is Von Mises stress; and σ 1 , σ 2 , and σ 3 are principal stresses (σ 1 ≥ σ 2 ≥ σ 3 ).
Results and Discussion
Dimensional evaluation The model apples for FEM simulation were compared to the actual ones in terms of physical dimensions such as width, height, and the proposed distance between the points of contact with the compression device. The geometry of each model apple was adjusted to keep the volume of actual counterpart. As shown in Table 2 , the heights of the model apples along stem-calyx axis ranged from 86.88 to 93.65 mm, 1.6% larger than those of actual 
apples on the average. The minimum and maximum widths of the model apples along the equator ranged from 87.49 to 93.43 mm and from 91.45 to 96.95 mm, respectively, and the deviations from those of actual apples were less than 1.2%. The average of the distances between the two contact points with the compression device was 92.08 mm, and the deviations from those of actual apples averaged as low as -0.48%. The radius of curvature of apple surface at the point of contact with the compression device was utilized to determine parameters relevant to the ASAE standard. The radii of curvature at contact points of actual and model apples are summarized in Table 3 . The minimum and maximum radii at upper contact points of model apples were larger than those of actual apples by 7.8% and 7.5%, respectively; and by -6.7% and 8.1%, respectively, at lower contact points. The relatively large discrepancies in the values of the minimum and maximum radii of curvature were resulted from the measurement errors of the curvature meter and the coarse mesh of FEM geometry.
Force, deformation, and work The third-order polynomial regression analysis of the F-D curves acquired from compression tests resulted in excellent fit with the coefficients of determination of over 0.9995 (Table 4) . Also, the offset of deformation (i.e., value 'n' in Table 4 ) was as small as 0.0288 mm in the worst case. As shown in Table 5 , the reaction force and deformation at BP ranged from 40.78 to 84.51 N and from 1.39 to 2.36 mm, respectively. In three cases out of five, the PI values, at which the rate of change of slope (second derivative) of F-D curve becomes zero, obtained from the third-order polynomials resided between 0.5 Table 3 . The minimum and maximum radii of curvature, and cosθ evaluated at upper and lower contact points with the compression device.
BP and BP, while no PIs were found below BP in the other two cases. This indicated that 0.5 BP was well below the PI where some type of texture failure might take place (ASAE, 2001), thus, was considered adequate as a point to compare physical properties obtained by different methods. The reaction force and work obtained by FEM simulation were compared to those of experiment in Table 6 . As anticipated, the difference in reaction force between FEM simulation and experiment was less than 1% target value. Furthermore, the work which was continuously calculated by integrating the F-D curves obtained by FEM simulation was 0.45% larger than that of experiment on the average. These small discrepancies in the reaction force and energy would demonstrate the validity of the FEM simulation method to determine modulus of elasticity and to analyze stress distribution within whole apples.
Modulus of elasticity At the loading condition of 0.5 BP, the apparent elastic modulus was evaluated for each apple by applying the ASAE standard to the actual and model apples, and the elastic modulus was estimated by FEM simulation on model apples. As shown in Table 7 , when the ASAE standard was utilized, the apparent elastic modulus ranged from 7.292 to 10.649 MPa for actual apples, and 6.872 to 10.712 MPa for model apples. The average value of apparent elastic modulus for model apples was 1.8% smaller than that of actual apples. This confirms the reliability of the FEM geometry model notwithstanding the relatively large discrepancies (6.7 to 8.1% on the average) in the radius of curvature from actual apples (Anand and Scalon, 2002) . The elastic modulus determined by FEM simulation ranged from 7.130 to 8.990
MPa, 8.3% smaller on the average than the apparent elastic modulus of actual apples by compression tests, and the correlation coefficient between the results of the two methods was 0.897. It is general in elastic mechanical behavior that as geometry volume and contact surface of compressive elastic materials increase, the modulus of elasticity decreases accordingly under the same condition of reaction force and Poisson's ratio. Thus, the results of poor linear correlation in elastic modulus between FEM simulation and experiments might be strongly influenced by the upper and lower contact volumes and existing many irregular surface curvatures within 0.5BP of real whole apples which were not considered in the ASAE standard (Eqs. 1 and 3). The average modulus of elasticity (7.732 MPa) determined in this research by FEM simulation on whole apples was much greater than that determined by viscoelastic FEM optimization on cylindrical specimens of 'Fuji' apple flesh (2.366 MPa, Kim et al., 2008) . These results could be explained by that a whole apple, in general, has an anisotropic structure with many complex and small curvatures, has flesh texture bonded biologically, and is covered with more elastic membrane shell (modulus of elasticity of 12.89 MPa for apple skin and 3.41 MPa for apple flesh, Williams et al., 2005) which contributes to prevent dehydration during compression. Also, the whole apple specimen has intact texture which breaks while preparing specimen of an apple flesh (Kim et al., 2008) .
Stress evaluation Table 8 shows the maximum contact stresses at initial contact points evaluated by the ASAE standard of Eq. (2) and the Von Mises stress (Walter, 1994; Ansys, 2004; Kim et al., 2008) evaluated by FEM simula-G-W. kim et al. tion at a loading condition of 0.5 BP. The maximum contact stress averaged 614.8 kPa at the upper contact point and 593.1 kPa at lower, and the values at upper points were higher than those at lower points except sample No. 4 (this only had smaller radius of curvature at lower contact point than upper). The effect of surface curvature at contact points was well reflected in the values of maximum contact stress.
On the other hand, the average Von Mises stress of FEM simulation at the upper contact point (369.4 kPa) was 2.2% smaller than that at lower contact point (377.6 kPa). Except sample No. 2, the Von Mises stress at contact points was much smaller (decreased by 44%) than that calculated by the ASAE standard. Unlike the maximum contact stress by the ASAE standard based on the maximum and minimum radii of surface curvature at a contact point, the maximum Von Mises stress was influenced by the gravity effect and the geometry of apple including curvatures in all directions at measuring points and contact points. As a consequence, the correlation between the maximum contact stress and the maximum Von Mises stress was very poor (r = 0.4772). The distribution of Von Mises stress within apple No. 1 at a loading condition of 0.5 BP is illustrated in Fig. 4 as an example.
As shown in the figure, the location of maximum stress deviated from the center of elliptical contact area due to anisotropic nature of apple surface, and the influence of load stress was restricted to a small portion around the contact Mechanical Properties of Whole Apple using FEM 
Conclusion
Through FEM simulation on five model apples resembling the shape of actual counterparts by 3D digitization, the average elastic modulus of 7.732 MPa was obtained at the loading condition of 0.5 BP. This average value was 8.3% smaller than the average apparent modulus of elasticity predicted by applying the ASAE standard to the actual apples under the same loading condition. Also, the maximum Von Mises stress at the points of contact with the compression device evaluated by FEM simulation was about 37% smaller than the maximum contact stress determined by the ASAE standard, showing very poor linear correlation between results of the two methods. Based on the results of the research, we propose that the generally accepted protocol of ASAE standard S368.4 for compression test of food materials of convex shape needs further study for its appropriateness in predicting the maximum contact stress as well as the apparent modulus of elasticity.
